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Introduction
Nanoscale metal structures enabling localized surface plasmon resonances have generated much excitement for their diverse applications in environmental sensing and chemical labeling [1, 2] . In these plasmonic systems, an external light drives the collective oscillation of the conduction electrons of a metal, which results in local-field enhancements and strong scatterings around the metal structures. Because the resonance frequency is highly sensitive to the environment, these metal structures have been extensively used for detecting molecules with zeptomole sensitivity [3] [4] [5] [6] . Furthermore, unlike organic fluorophores, these plasmonic sensors do not suffer from blinking or bleaching. Thus they can serve as nanoscale plasmonic rulers that make high-speed analyses of macromolecules possible [7, 8] . In addition, due to deep subwavelength couplings between plasmonic elements, when integrating these structures with nanoelectromechanical systems (NEMS), they will enable sensitive optical detections of thermal or even quantum fluctuations. These features are believed to generate great impacts on the field of optomechanics and NEMS in the near future. The unusual displacement sensitivity originates from the strong distance-dependent couplings between plasmonic nanostructures. Recently, intensive works have been devoted to studies of interactions between nanorods, nanospheres, nanoshells and nano-prisms etc. with symmetric structures [9] [10] [11] [12] [13] [14] [15] . In general, the effects can be qualitatively understood by a plasmon hybridization model which considers electric interactions between plasmonic metal structures similar to chemical bonding in natural molecules [16] . The model depicts a universal scaling curve for normalized resonance frequency changes with respect to normalized distances [17] . However, so far these investigations are limited to structurally symmetric systems and it is not known which kinds of systems would exhibit the highest sensitivity. Here we show that introducing structural asymmetry makes antiparallel current interactions possible and greatly enhances the displacement sensitivity in two kinds of plasmonic nanostructures. In fact, these two systems display the highest displacement sensitivity among all systems (including plasmonic or non-plasmonic systems) investigated so far. These structurally-asymmetric plasmonic systems, though they are fixed to a substrate, will have potential applications in strain mapping, surface wave or heat wave imaging, and thermal or quantum vibrational sensing when they are integrated with NEMS devices. Figure 1 illustrates the schematics of two kinds of asymmetric plasmonic nanostructures: one consisting of a split-ring resonator (SRR) and a metal rod ( Fig. 1(a) ) and the other one consisting of two metal rods of asymmetric lengths ( Fig. 1(b) ). Since both SRRs and metal rods are model plasmonic elements which exhibit strong electric dipolar resonances, we choose these two structures for studying the effects from structural asymmetry. When the two plasmonic elements are coupled, the resonant frequency changes in accord with the coupling strength. Introducing structural asymmetry makes the interactions between each element more intriguing and may bring more interesting phenomena. To explore their potential applications in displacement sensing, we have performed numerical simulations using software package CST Microwave Studio to study the optical transmission spectra when the separation between the elements changes. We have also systematically varied the dimensions of the elements so that the resonance frequencies are within infrared to visible range for practical applications. To avoid non-local effects at small distances, we have restricted the separation (s) to be larger than 2nm [18] . The substrate is either glass (refraction index = 1.5) or sapphire (refraction index = 1.7). The dimensions of the systems are subwavelength (~λ/4) and couplings between nearest neighbor elements can be neglected. The electrical conductivity of gold is described by the Drude model with plasmon frequency 1.37 × 10
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16 Hz. Importantly, in order to consider experimental implementations, we set the damping rate of gold to be 1.2 × 10 14 Hz, which is three times higher than the bulk value and is a practical parameter for experiments utilizing ordinary fabrication techniques [9, 10, 17] . In the simulation, a transient pulse polarized along y-axis was incident to the system and then the transmittance of the wave was analyzed. Each mesh size was less than λ/2000 to ensure simulation accuracy. 
Results and discussions
Figure 2(a) shows the simulated transmittance spectra for the SRR-rod system shown in Fig.  1(a) . In the frequency range of interests, the SRR exhibits an electric dipolar resonance at 391 THz (identified by the dip of the transmittance) and the metal rod exhibits an electric dipolar resonance at 310 THz. Due to the conservation of degrees of freedom and the structural asymmetry, coupling these two elements results in two resonances which are both optically bright modes as shown in Fig. 2(a) . Interestingly, both resonances display red-shifts when the distance between the SRR and the metal rod decreases. We found the most dramatic changes to be the first resonance in the range of 180-330 THz. As shown in Fig. 2(a) , the first resonance changes 68 THz when the separation slightly increases from 2 nm to 10 nm. In contrast, the second resonance (in the range of 381 THz to 385 THz) does not show such a dramatic effect. The origin of the difference can be understood from the current flow distributions for the two resonances. As shown in Fig. 2(a) , the first resonance exhibits antiparallel current flows in the region of proximity. On the other hand, the second resonance, which displays small frequency changes, exhibits parallel current distributions in the region of proximity.
Similarly, coupling a long metal rod (resonance frequency = 237 THz) and a short metal rod (resonance frequency = 306 THz) results in two optically bright resonances. As shown in Fig. 2(b) , the two resonances show red-shifts when the distance between the two metal rods decreases. The most dramatic change of the resonance frequency is again found in the first resonance (frequency changes 32 THz from 4 nm to 10 nm), in which the current flow shows antiparallel distributions. On the other hand, the second resonance, which exhibits parallel current distributions, only shows small changes. A scaling relation between the resonance wavelength and the dimension of uncoupled plasmonic structures has been observed in various plasmonic systems. We have also observed the same effect shown in the right panel of Fig. 3 . When the plasmonic elements are coupled, previous studies of surface plasmon resonances of a pair of nanoparticles have suggested a universal scaling curve for nanoparticles of different dimensions [19] . It is found that the curve of normalized frequency change vs. normalized separation displays a universal exponential decay with the decay length independent of the dimension of the nanoparticle but sensitive to the shape [20] . However, the universality is only examined in systems exhibiting structural (mirror) symmetry such as a pair of two identical nanodisks, nanospheres, nanoprisms or nanocubes [20] . Furthermore, although couplings between two asymmetric metal rods have been studied before, no attempt was tried to analyze their universality [21] . To investigate the scaling universality of these structurally asymmetric systems of different dimensions, we have plotted the normalized frequency changes vs. the normalized separation in Fig. 3 . Remarkably, we find that all the data from different systems with antiparallel current distributions can be described by a universal exponential function, i.e: . In fact, the highest displacement sensitivity is found in the first resonance of a SRR-rod system with L SRR = 200 nm and L rod = 175 nm, in which the normalized frequency change can reach 5%/nm. The highest sensitivity found in the present systems is at least two times higher than those found in nanoparticle pairs and 25% higher than the highest sensitivity reported in nanoshell pairs [19, 20, 25] . Importantly, the present systems can be fabricated using top-down approaches and thus will not encounter device integration problems like those of nanoshells.
On the other hand, parallel current interactions shown in the second resonance of the SRR-rod system or the asymmetric rod system do not exhibit comparable displacement sensitivities. As shown in Fig. 4 , increasing the asymmetry of the SRR-rod or the asymmetric-rod systems shifts the curves upward [26] . However, the displacement sensitivities remain at least three times lower than those shown in Fig. 3 . What can we learn from the high displacement sensitivity and the universal scaling curve? Apparently, antiparallel current interactions are the key factor for enhancing the displacement sensitivity. Furthermore, the universal scaling curve shown in Fig. 3 suggests that the underlying phenomena for antiparallel current interactions must be the same. To achieve high displacement sensitivity, it is important to note that the universal curve is plotted for ∆f/f 0 vs. s/D, whereas the displacement sensitivity is defined by the ratio of ∆f/f 0 to ∆s. Thus the displacement sensitivity may not be the same for different plasmonic nanostructures of different dimensions. As a guideline, we find that decreasing the resonance frequencies of the whole system always results in higher displacement sensitivities. It can be achieved by decreasing the thickness of the metal or changing the substrate with a larger the refraction index. On the other hand, changing the resonance frequency of one plasmonic unit alone affects the system in a complex way and does not always enhance the displacement sensitivity. Furthermore, it is interesting to note that previous studies on structurally symmetric plasmonic systems display blueshifts when their mutual distance decreases; whereas in Fig. 2 both resonances show redshifts. Indeed, we have observed similar blueshifts on the second resonance (i.e. the symmetric mode) once the resonance frequencies of the two plasmonic elements are identical (for example, when L SRR = 200 nm, L rod = 150 nm, w = 50 nm, and t = 30 nm, both the SRR and the metal rod exhibit identical resonances at 391 THz). Nevertheless, when the two resonances frequencies are not identical, the observed high displacement sensitivity at the antiparallel current distributions and the unusual redshifts at the parallel current distributions merit an explanation. Here we employ Lagrangian formalism to analyze the resonances of the structurally asymmetric plasmonic nanostructures. We have generalized the formalism in Ref [27] . to incorporate the conditions due to structural asymmetry. In general, the Lagrangian of the coupled plasmonic system can be written as:
where L 
The two eigenvalues and eigenmodes can be solved accordingly and their changes with respective to the coupling strengths can also be analyzed.
When the system is structurally symmetric (ω 1 = ω 2 , Q 1 = Q 2 ), the fifth term of Eq. (2) is negligible and the frequency shifts mainly result from the electric and the magnetic couplings. Thus blueshifts are expected in the symmetric mode. When the system is asymmetric (ω 1 1 ω 2 , Q 1 1 Q 2 ), the fifth term of Eq. (2) contribute a redshift, which competes with the electric and the magnetic couplings in the symmetric mode. Apparently, the community inductance is much stronger than the capacitor couplings in our systems so that omnipresent redshifts are observed in these structurally asymmetric plasmonic systems. In our systems, the parameters in Eq. Fig. 2(b) and the same parameters reproduce the expected blueshifts for the symmetric mode when ω 1 = ω 2 . Similar methods can be employed for analyzing Fig. 2(a) or other systems, too.
For the antisymmetric mode (antiparallel current distribution), the effect of the community inductance, the electric coupling, and the magnetic coupling contribute coherently to the large redshift. The deep subwavelength nature of these couplings, when combined with the large redshift, results in a much larger displacement sensitivity in the antiparallel current distributions than that in the parallel current distributions. The parameters for Fig. 2(b) shown above have also quantitatively explained the main features observed in the simulation.
Although the systems investigated so far are fixed to a substrate, they can be used for strain mapping when a stress is applied to the substrate. Besides, due to the broadband optical responses, they can be used for dynamical imaging of surface waves or heat currents that produce lattice compression or refraction index changes. Moreover, once they are integrated with NEMS devices, they are also capable of detecting tiny motions arising from thermal or quantum fluctuations. For comparison, so far the highest displacement sensitivity was reported in a micromechanical resonator which incorporates a very high finesse (F = 30000) Fabry-Perot cavity. The device had achieved quantum-limited sensitivity at the 10 −19 m/ Hz level [29] . Following 2 2 s π λ = F , a displacement of s = 2 nm in the microresonator would correspond to 50% change of the transmittance at λ = 1064 nm; or equivalently, an normalized transmittance change of 25%/nm. For our system, a monolayer of the asymmetric nanostructures can further enhance the normalized transmittance change to 29%/nm at λ = 1550 nm. We believe that once multilayers of such asymmetric nanostructures are fabricated, more improvements can be achieved. In addition, unlike a Fabry-Perot cavity that requires multi-wavelength engineering, the plasmonic systems can further reduce the size of a device to deep subwavelength. The structurally asymmetric plasmonic systems not only exhibit the highest displacement sensitivity among all plasmonic or non-plasmonic systems investigated so far, but also can generate great impacts on nanoscale optomechanical applications. Finally, it should be noted that other varieties of asymmetric plasmonic nanostructures could exhibit even higher sensitivities. The optimization of structural designs for achieving the highest displacement sensitivity is certainly worth future investigations.
In summary, we have investigated displacement sensitivities of two kinds of structurally asymmetric plasmonic systems. The structural asymmetry makes the antiparallel current interactions possible, which greatly enhances the displacement sensitivity to reach a normalized frequency change of 5%/nm or a normalized transmittance change of 29%/nm. These structurally asymmetric plasmonic systems constitute the highest displacement sensitivity investigated so far and will have widespread applications ranging from strain mapping, surface wave or heat wave imaging, to thermal or quantum motional sensing when integrated with NEMS devices.
